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Two-step positioning of a cleavage furrow by cortexillin and
myosin II
Igor Weber, Ralph Neujahr, Aiping Du, Jana Köhler, Jan Faix and Günther Gerisch
Background: Myosin II, a conventional myosin, is dispensable for mitotic division
in Dictyostelium if the cells are attached to a substrate, but is required when the
cells are growing in suspension. Only a small fraction of myosin II-null cells fail to
divide when attached to a substrate. Cortexillins are actin-bundling proteins that
translocate to the midzone of mitotic cells and are important for the formation of
a cleavage furrow, even in attached cells. Here, we investigated how myosin II
and cortexillin I cooperate to determine the position of a cleavage furrow. 
Results: Using a green fluorescent protein (GFP)–cortexillin I fusion protein as
a marker for priming of a cleavage furrow, we found that positioning of a
cleavage furrow occurred in two steps. In the first step, which was independent
of myosin II and substrate, cortexillin I delineated a zone around the equatorial
region of the cell. Myosin II then focused the cleavage furrow to the middle of
this cortexillin I zone. If asymmetric cleavage in the absence of myosin II
partitioned a cell into a binucleate and an anucleate portion, cell-surface ruffles
were induced along the cleavage furrow, which led to movement of the
anucleate portion along the connecting strand towards the binucleate one.
Conclusions: In myosin II-null cells, cleavage furrow positioning occurs in two
steps: priming of the furrow region and actual cleavage, which may proceed in
the middle or at one border of the cortexillin ring. A control mechanism acting at
late cytokinesis prevents cell division into an anucleate and a binucleate portion,
causing a displaced furrow to regress if it becomes aberrantly located on top of
polar microtubule asters.
Background
The double-headed myosin II, a motor protein capable
of forming bipolar filaments, assembles in the region of
the cleavage furrow in a wide variety of mitotic cells,
including sea urchin blastomeres, budding yeast, fibrob-
lasts and Dictyostelium cells [1–4]. It is a special advantage
of Dictyostelium that the function of myosin II in cytokine-
sis can be investigated under two conditions. In suspen-
sion, cells are unable to undergo cytokinesis in the
absence of myosin II, as no cleavage furrow is made that
would separate the daughter cells [5,6]. Attached to a solid
substrate, myosin II-null cells are capable of dividing by
the formation of a regular cleavage furrow [7]. Obviously,
under these conditions proteins other than myosin II are
sufficient to mediate mitotic cleavage. One class of these
proteins, the actin-bundling cortexillins I and II, accumu-
late in the cleavage furrow and do so more intensely in a
myosin II-null than in a wild-type background [8]. 
Cortexillin I is an actin-bundling protein with multiple
actin-binding sites along its sequence: conserved binding
sites of the a -actinin/spectrin type in its amino-terminal
domain, and different ones in its carboxy-terminal region.
In addition, cortexillin I carries a phosphatidylinositol
(4,5) bisphosphate (PIP2)-binding site at its carboxy-termi-
nal end [9]. A central coiled-coil domain is responsible for
the formation of parallel dimers [10]. In vivo, cortexillins I
and II form preferentially heterodimers so that the two
isoforms can act in concert (J.F., unpublished data). Here,
we report that cortexillin I marks an early, reversible step
in preparation for cleavage, and we distinguish its role
from that of myosin II.
Results
Cortexillin I translocates to the midzone independently of
substrate contact
To analyse unattached myosin II-null cells in mitosis, we
used a fusion protein between the green fluorescent
protein (GFP) and cortexillin I (GFP–cortexillin I) as a
marker. From a shaken suspension culture, mitotic stages
were collected that showed a midzone of accumulated cor-
texillin I, which persisted even after disintegration of the
spindle (Figure 1). The development of this cortexillin-
rich zone, and the way it dispersed in cells that cannot
divide, was recorded in living myosin II-null cells sus-
pended in a viscous agarose solution [11]. Figure 2 shows
that cortexillin I was properly translocated in these myosin
II-null cells although their division was prevented. Some
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of the cells could elongate at the end of mitosis, like wild-
type cells, but they invariably ended up as binucleate cells,
in accord with myosin II-null cells undergoing mitosis on a
non-adhesive substrate [12]. During this process, cortex-
illin lost its symmetrical position in the cell cortex. The
region of accumulated cortexillin I assumed a conical
shape and turned into the tail of a post-mitotic cell
(Figure 2). We conclude that the accumulation of cortex-
illin I in the midzone of a mitotic cell indicates a step pre-
ceding cleavage, which depends neither on myosin II nor
on cell-to-substrate contact. 
Asymmetric cell divisions in attached myosin II-null cells 
Although myosin II-null cells are capable of dividing if
they adhere to a substrate, completion of cytokinesis is
often delayed and a small fraction of cells fail to divide,
giving rise to binucleate cells [7]. Recording of 75 mitotic
myosin II-null cells revealed that this failure was not due
to an inability to form a cleavage furrow, but to an
extremely asymmetric positioning of the furrow. Among
these cells, 21 divisions were judged as symmetrical, 43 as
more or less asymmetrical but completed, and 11 as
abortive. In most of the latter, a furrow progressed until
only a thin cytoplasmic bridge connected the daughter
cells. Subsequently, one portion of the cell was redrawn
like a hernia into the other portion, giving rise to one
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Figure 1
Cortexillin I accumulates symmetrically at the midzone during mitosis
of suspended wild-type and myosin II-null cells. (a,c) Telophase and
(b,d) post-telophase stages of (a,b) wild-type and (c,d) myosin II-null
cells. Cells expressing GFP–cortexillin I were fixed and labelled in
shaken suspension. Triplets of images show, in each of the cells,
GFP–cortexillin I (top), the mitotic apparatus labelled with anti-b -tubulin
antibodies (middle), and either a phase-contrast image of cell shape or
a fluorescence image of nuclei labelled with 4,6-diamidino-2-phenylindole
(DAPI; bottom). In shaken suspension, cortexillin I accumulated in
myosin II-null cells, as in wild-type cells, at the midzone that separates
the two polar regions, which are characterised by cell-surface ruffles.
The cell shown in (d) represents a non-elongated post-telophase
stage, in which the spindle is broken in the middle and its remnants
shifted against each other. The scale bar represents 10 m m.
Figure 2
Cortexillin I marks deviations from symmetry in non-attached myosin II-null
cells. Time series (from top to bottom) of GFP–cortexillin I fluorescence
in cells dividing in melted agar [11]. (a) Wild-type cell, showing normal
cortexillin I translocation to the midzone, followed by symmetrical
cleavage. (b,c) Two myosin II-null cells, showing that cortexillin I
accumulates in a similar way. The cells subsequently assumed a conical
shape, however, and the cortexillin I zone was shifted to a region that is
to become the tail of the binucleate cell. The cell in (c) achieved the
strongest elongation among 10 non-attached myosin II-null cells
observed. Nuclei appear as dark areas. The scale bar represents 10 m m.
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double-sized cell. Here, we concentrated on these abortive
divisions, viewing them as tools to specify the role of
myosin II in cytokinesis. 
To monitor how cleavage furrow positioning runs out of
control in asymmetric divisions and how cleavage is
reversed in the unsuccessful cases, we used GFP–cortex-
illin I as a marker. In wild-type cells, cortexillin I translo-
cates to the midzone at the anaphase of mitosis [8], and the
cleavage furrow is centred to the middle of the cortexillin I
zone (Figure 3a). In attached myosin II-null cells, cortex-
illin I accumulated regularly in a symmetric fashion at the
midzone (Figure 3b–d). Only afterwards, the cortical zone
marked by cortexillin I may be constricted in an asymmet-
ric way, giving rise to unequal cell division. In these cases,
cleavage occurred at the border of the cortexillin I zone.
Even then division could be completed, giving rise to a
small daughter cell and to a large one that acquired most of
the cortexillin (Figure 3c). It is crucial, however, that each
daughter cell inherits a nucleus. If a displaced cleavage
furrow happened to incise between an anucleate and a bin-
ucleate portion, cytokinesis invariably stopped (Figure 3d).
Finally, cortexillin I accumulated in the anucleate portion
when it retracts, as illustrated in the last panels of
Figure 3d. This is remarkable as myosin II similarly associ-
ates with a retracting tail in locomoting wild-type cells [13].
Microtubule organisation in abortive cytokinesis
The unsuccessful myosin II-null cells indicate that only
furrows that separate the daughter nuclei from each other
are allowed to progress until cleavage is completed. As
positions of the nuclei are controlled by microtubule-
dependent centrosome movements [14], it seemed rea-
sonable that the decision to reverse cleavage is based on
an improper position of the cleavage furrow with respect
to astral microtubules. In Dictyostelium, cleavage furrows
are formed at spaces separating the polar microtubule
asters emanating from the centrosomes, without a require-
ment for the spindle [14]. 
To investigate microtubule organisation in relation to the
reversal of cytokinesis, the microtubule system was visu-
alised in myosin II-null cells by the expression of a fusion
protein between GFP and a -tubulin (GFP–a -tubulin). As
shown by the two examples of abortive division in
Figure 4, only a thin connection remained between the
daughter cells before cytokinesis was reversed. Within the
connecting strand, the centrosome of the anucleate cell
was suspended on two arrays of microtubules, one
anchored at the nucleus, the other at the cortex of the cell
pole (Figure 4b, 4:40 frame). Reversal of cytokinesis
started by the induction of cell-surface ruffles on top of
the centrosome and of the microtubules connected to it
(Figure 4a, 4:00 frame; Figure 4b, 5:10 frame). These
ruffles behaved like a leading edge that turned towards
the nucleus. The anucleate portion of the cell then moved
along the connecting strand until it was integrated into the
main cell body (Figure 4a, 6:40 and 7:30 frames). This
activity suggests that aster microtubules, which are nor-
mally placed between the cleavage furrow and one of the
cell poles, reprogram a displaced furrow in a way that
surface ruffles are induced. Normally, ruffles are restricted
to the polar regions of a dividing cell. 
Discussion
The results presented here attribute two different func-
tions in cytokinesis to cortexillin I and myosin II, in
accord with the fact that cortexillin I is important for
mitotic cleavage in substrate-attached and in suspended
cells [8,9], whereas myosin II is essential only in suspen-
sion [7,12]. Nevertheless, these proteins act synergistically
in supporting cytokinesis. Both cortexillin I and myosin II
increase the bending stiffness of the cell cortex [15,16],
and cortexillin I counterbalances the loss of myosin II by
accumulating more strongly in the midzone of mitotic
myosin II-null cells than of wild-type cells [8]. This
strong accumulation of cortexillin may even increase
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Figure 3
GFP–cortexillin I fluorescence in substrate-attached cells. Cortexillin I
accumulated symmetrically in the midzone of (a) wild-type and
(b–d) myosin II-null cells. Division became asymmetric in myosin II-null
cells when the cleavage furrow shifted towards one border of the
cortexillin I zone. Successful cytokinesis in (c) is distinguished from the
unsuccessful one in (d) only by the position of the nuclei relative to the
cleavage furrow. The furrow separates the two daughter nuclei in (c),
whereas both nuclei are partitioned to one side of the furrow in (d).
The arrowheads indicate the positions of nuclei at the critical stages.
The scale bar represents 10 m m.
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bending stiffness at the midzone to a supra-optimal level,
thus splitting and shifting the zone of optimal stiffness
towards the borders of the cortexillin ring (Figure 3c).
Although cortexillins are not motor proteins, they seem to
participate actively in the constriction of the cleavage
furrow in substrate-attached cells. In cortexillin I/II double
knockout mutants, indistinct cleavage furrows are formed
and mitotic division often fails [8]. The data shown in
Figure 3 indicate that cleavage occurs by a pincer-like
movement of the cortexillin layer, an activity that was uni-
lateral in asymmetric or abortive cleavages (Figure 3c,d)
and was bilateral in wild-type or symmetric cleavages of
myosin II-null cells (Figure 3a,b). 
Why is the myosin II-independent mechanism not suffi-
cient for suspended cells to divide? Obviously, the attach-
ment of cells to a substrate enables their polar regions to
exert traction, which assists the midzone in assuming the
concave shape of a furrow as discussed in a recent
review [17]. The absence of traction in suspension cultures
may prevent myosin II-null cells from dividing for different
reasons, which are not mutually exclusive. First, the force
generated at the midzone of myosin II-null cells might be
below a threshold that has to be reached for a furrow to con-
strict, and polar traction may raise the overall force above
that threshold. In accord with this possibility, suspended
myosin II-null cells are unable to initiate furrowing ([12]
and Figure 2). This contrasts with abortive divisions of
attached myosin II-null cells, in which established furrows
were eventually regressing (Figure 3d). Second, mitotic
myosin II-null cells could initially elongate, but tended
thereafter to collapse along their long axis if their poles were
not fixed on a substrate, as indicated by the microtubule
organisation shown in Figure 1d. In such a case, the distance
between polar microtubule asters may be too short to initi-
ate a furrow in the space between them [14]. Third, in the
absence of myosin II, the cortexillin ring became conical in
suspended cells and slipped, with its constricted border
ahead, to one cell pole. There, the ring converted into a cap,
which may induce this pole to retract (Figure 2b). 
In accord with a function of myosin II in focusing the cleav-
age furrow to the midzone, the strongest accumulation of
myosin II is found in the zones flanking the furrow at both
its sides, thus separating the midzone from the polar
regions [18]. In the absence of myosin II, the mechanical
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Figure 4
Microtubule organisation underlying abortive cytokinesis.
(a,b) Time-lapse images (from top to bottom) showing two myosin II-null
cells corresponding to the one in Figure 3d. The GFP–a -tubulin
labelling illustrates that regression of a cleavage furrow is initiated by
the induction of cell-surface ruffles on top of the microtubules that
connect the centrosome with the nucleus and with the polar cell cortex.
The centrosome is drawn towards the anucleate portion, as seen in the
4:40 to 5:50 frames in (b). The anucleate portion unites with the
binucleate one by directing cell-surface ruffles towards the latter, most
clearly seen in the 7:30 frame in (a). Cells were slightly compressed by
a slice of agar. The arrowheads indicate the positions of nuclei. Time is
indicated in min and sec. The scale bar represents 10 m m.
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properties allowing cleavage are distributed along the entire
zone of the cell cortex that is occupied by cortexillin I.
Thus, in the absence of myosin II, the decision whether
division will be equal or unequal is made on an arbitrary
basis. In animal embryogenesis, where this decision can be
crucial for the fate of a cell [19], the focusing effect of
myosin II might be more important for the precise position-
ing of a cleavage furrow than in Dictyostelium. 
In Dictyostelium, cleavage furrows are formed without a
requirement for the spindle as the source of signals, as first
shown by Rappaport [1] in sea urchin blastomeres. In such
a case, only the polar microtubule asters are needed to
orchestrate the actin cortex for mitotic cleavage. As a con-
sequence, a binucleate cell can divide into four uninucle-
ate cells at the next mitosis [14]. It should be emphasised
that this control of cleavage furrow formation differs from
the control in Caenorhabditis elegans and Drosophila cells,
where progression of the furrow to final separation of the
daughter cells depends on signals emanating from the
microtubules that constitute the midzone of the spindle
between the separating chromosomes [20,21].
The cells lacking myosin II provide evidence for a mecha-
nism that, at a late stage of cytokinesis, prevents the separa-
tion of an anucleate fragment by an inappropriately placed
cleavage furrow. Previous results on multinucleate
myosin II-null cells indicated that the docking of micro-
tubule asters to the cell cortex induces cell-surface ruffling
and suppresses cleavage furrow formation [14]. In analogy to
migrating fibroblasts [22], it appears likely that Rac or other
small GTPases mediate this effect of microtubules on the
actin organisation. The cases of abortive cytokinesis shown
in Figure 4 underline this localised effect by demonstrating
that close contact of the centrosome and aster microtubules
with the cell cortex leads to ruffling, even in an established
furrow, and thus causes this furrow to regress.
Conclusions 
The results are summarised in Figure 5. Initiation and
progression of a cleavage furrow can be separated in
Dictyostelium into two steps that both appear to be controlled
by the microtubule system. In the first step, the midzone of
a dividing cell is marked by cortexillins, and ruffling is sup-
pressed in the area occupied by these actin-binding pro-
teins [8]. In the second step, centering of the cleavage
furrow to the middle of the zone demarcated by cortexillin
is stabilised by the deposition of filamentous myosin II. If
asymmetrically positioned cleavage furrows incise between
a binucleate and an anucleate portion of a myosin II-null
cell, a signal is imposed on them that results in cell-surface
ruffling and ultimate abolition of cytokinesis. 
Materials and methods
The following strains of Dictyostelium discoideum were used: wild type
AX2-214; myosin II knockout in the AX2 strain (HS2205) [23]; HS2205
expressing GFP–a -tubulin (HG1671) [14]; HS2205 expressing
GFP–cortexillin I (HG1765; this work); and wild type (AX2) expressing
GFP–cortexillin I (HG1766; this work). Cell transformation, immunofluo-
rescence labelling, and imaging in vivo were performed essentially
as described [8].
Supplementary material
Supplementary material including additional methodological detail is
available at http://current-biology.com/supmat/supmatin.htm.
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Figure 5
Overview of cleavage-furrow positioning in myosin II-null cells.
Cortexillin I localisation is outlined in red and the microtubule system in
green. The leftmost branch illustrates symmetric cleavage of attached
myosin II-null cells, and is also representative of wild-type cells. Many of
the attached mutant cells undergo asymmetric cytokinesis (middle
branches), which can be successful or end up with resorption of the
anucleate cleavage product. The rightmost branch illustrates the
inability of unattached myosin II-null cells to divide. If supported by a
substrate, binucleate cells resulting from abortive cytokinesis can divide
into four cells in the next mitotic cycle.
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